ABSTRACT. Varroa destructor mites pose an increasing global threat to the apicultural industry and agricultural ecology; however, the issue of whether certain environmental factors reflect the level of mite infection is far from resolved. Here, a wireless sensor network (WSN) system was used to examine how V. destructor, which has vital impacts on honeybee (Apis mellifera) health and survival, affects the temperature and humidity of honeybee hives in a field experiment. This approach may facilitate early identification of V. destructor in hives, and thus enable timely remedial action. Using quantitative PCR, we also evaluated the expression of two genes, adipokinetic hormone (AKH) and adipokinetic hormone receptor (AKHR).The results showed that temperature in highly infested broods was higher than that in broods with low infestation. Moreover, mite infection in honeybee colonies was positively correlated with temperature but negatively correlated with humidity (P < 0.05). Similar to previous observations, quantitative analysis suggested that the expression levels of AKH and AKHR from honeybees with low infection were significantly higher than those from bees with high infection (P < 0.01). These results showed that the expression levels of these genes in colonies with high mite infestation were closely associated with changes in hive temperature and humidity. This study demonstrates that Varroa infection not only causes changes in temperature inside honeybee colonies, but also affects the expression of honeybee energy metabolism genes.
INTRODUCTION
Honeybees (Apis mellifera) are among the most important pollinators of plants, and provide pollination services for agricultural crops and ecosystems. However, the loss of honeybee colonies is increasingly being reported due to a poorly known phenomenon referred to as colony collapse disorder (CCD),in which the worker bees suddenly disappear (van Engelsdorp et al., 2008) . Since it was first identified in 2006 in the USA (Biesmeijer et al., 2006) , CCD has been reported from many regions of the world, and the subsequent decrease in the number of honeybee colonies in the following years attracted increasing attention from the apicultural community and agricultural ecologists. Furthermore, several stressors related to CCD were subsequently identified and evaluated, including viruses (Cox-Foster et al., 2007) , bacteria (Johnson et al., 2009) , fungi (Higes et al., 2007) as well as pesticides (Tremolada et al., 2010) . Among these pathogens, Varroa destructor has been detected in 98% of CCD-affected colonies and is considered a significant factor correlated with CCD (Locke et al., 2012) .
V. destructor lives in the cells of honeybee colonies and feeds on the hemolymph of developing honeybees, resulting in losses among both adults and brood (Nazzi and Conte, 2015) . V. destructor is not only an ectoparasite of honeybees but is also an effective vector for viruses such as Israeli acute paralysis virus (IAPV) (Di Prisco et al., 2011) . The number of viral copies in honeybees has been found to be strongly correlated with the density of V. destructor within a colony (Locke et al., 2012) . Recent studies have demonstrated that the presence of V. destructor is a strong predictor of winter reduction in honeybee populations in Europe and the USA, and that combined with viruses, this parasite can accelerate the death of honeybees (Dainat et al., 2012) . Hemolymph feeding by V. destructor has been demonstrated to induce immunosuppression in honeybees, which can lead to increases in the titers of preexisting infections (Yang and Cos-Foster, 2007) . Vector-borne transmission often results in more virulent infections in terms of evolutionary epidemiology. In particular, honeybees infected with V. destructor exhibit decreased weight and lifespan, and an increased incidence of undeveloped honeybees and related phenotypes such as shortened abdomen, discoloration, and deformed wings (Katherine et al., 2012) . Experimental evidence shows that V. destructor reduces the flight duration and homing ability of honeybees (Kralj and Fuchs, 2006) . With these facts in mind, several measures have been taken by beekeepers and scientists in an effort to control V. destructor, including the use of biotechnological, genetic, and chemical agents (Rinderer et al., 1997) .
However, it remains very important to be able to diagnose and detect mite infection before deciding to control it using appropriate measures. To monitor the spread of the Asian honeybee mite, a simulation model was used to evaluate the rate of spread before it broke out (Sanson, 2007) . Furthermore, a glass vial bioassay procedure was developed to monitor field populations of V. destructor for insecticide resistance, and this procedure was successful in controlling the resistance of V. destructor, thereby providing the basis for a management strategy (Kanga et al., 2010) . In addition, certain physical methods are available for determining whether honeybees are infected by V. destructor. Because of the characteristics of the external parasite, they are easily found on the body surface of adults, larvae, and pupae. Other features used to distinguish infected honeybees, include shriveled wings, which are frequently seen in emerging or old bees, patchy brood patterns, and reddish mites on the bees or honeycombs. Further common methods used to diagnose mite infection involve calculating the number of mites dropped onto the bottom board of bee hives or calculating the number of mites in a certain number of honeybees. However, although these methods have been considered to provide evidence for the level of mite infection, they might lead to delays in the prevention and treatment of infection and lead to the loss of both individual bees and entire colonies.
An additional challenge to diagnosing and monitoring the extent of mite infection in honeybees is that the effects of mite infection are not always observable. Recent studies have shown that the development of information technology provides new opportunities for monitoring pathogens, particularly for insects such as honeybees and ants in nests or cave habitats. A detection system using video signals and image processing techniques was developed on the basis of a semi-automatic approach within honeybee brood cells, which attained 90.98% efficiency in monitoring the movement of mites (Víctor et al., 2013) . Subsequently, radio frequency identification (RFID) has made available new tracking equipment with a more accurate approach for measuring research subjects studied by scientists. RFID systems were first used to monitor the behavior of bees and ants in 2003, and have provided a feasible means of following individuals when they emerge from or are outside a colony (Streit et al., 2003) . Subsequently, Li et al. (2013) constructed an RFID system that monitored honeybee foraging behaviors and homing ability in real-time. In studies of honeybee ecology, RFID has been used to examine the effect of sub-lethal doses of insecticides on individual forager bees and their homing ability (Schneider et al., 2012) . In addition, an imaging LIDAR instrument placed near a bee hive has been used to monitor honeybee behavior (Hoffman et al., 2007) , and an automatic tracking and identification system based on RFID has been used to recognize bees and ants (Streit et al., 2003) .
All of this work represents significant progress in the study of honeybee biology and behavior. However, to gain more knowledge about bee biology and bee pathogens, we need to identify a way to monitor the stability and health status of honeybees in real-time. With the aim determining mite infection in honeybees, we used a wireless sense network (WSN) in the present study to monitor temperature and humidity changes within colonies, and analyzed the expression levels of two energy metabolism genes. Our data provide evidence that V. destructor infection not only raises temperature inside the honeybee hive but also induces high energy consumption in honeybees.
MATERIAL AND METHODS

System for monitoring temperature and humidity changes
The temperature and humidity monitoring system consisted of three main subsystems -a data acquisition system, a data processing system, and a data transport system -as described previously (Xiao et al., 2014) (Figure 1 ). The data transport system was produced by China Unicom's CDMA services, which provided a wireless bidirectional channel between data acquisition and processing. The data recorded by the sensors were transmitted to a remote information server through China Unicom's CDMA services. Data acquisition was transmitted by WiFi wireless LAN, and the TCP/IP protocol was used for computer communication. Accordingly, users will be able to monitor temperature and humidity parameter values via the Internet. To test the stability of the signal and the appropriate distance of the sensor node of this system, we conducted pre-experiments three times before we monitored the temperature and humidity in a honeybee hive. The wireless sensor network system that was used to monitor temperature and humidity. A. Wireless sensor node placed within the honeybee colonies. B. Wireless sensor network system used to collect data from the sensor nodes within the colonies.
Selection of equipment and nodes
The basic equipment of the monitoring system consists of two parts. The first is a sensor node with an antenna positioned at the center of honeybee hives, which collects information on temperature and humidity for 60 min. This system was used to collect data three times over three consecutive days in three consecutive months. The second part stores and analyzes the data. The WSN system and sensor nodes were purchased from the Wireless Drag Communication Company (Chengdu, China), and the CC2430 sensor node and IAR software were specifically adapted for this system. All wireless sensors were assumed to operational if all lights were on when the monitoring started. All monitored data were transformed into average values.
Experimental honeybee colonies
Honeybee colonies were selected from a single apiary, which is the property of the Institute of Apicultural Research, located in northern Guangdong Province (23.06°N, 113.15°E) of China. The queens were bred and selected from the same batch. Honeybee colonies with high and low mite infestation were selected for monitoring temperature and humidity using the wireless sensor system, and six colonies were selected with standard 10 frames. The populations and proportion of the three honey bee castes (queens, workers, and drones) were identical. Three colonies were maintained under control conditions by treating with an acaricide, whereas the other three colonies were untreated. The colonies with low infestation but not the colonies with high infestation were treated in accordance with the method of Nazzi et al. (2012) .The two groups were 2 km apart from each other. The colonies had been maintained using standard beekeeping practices and had been closely observed by a professional bee inspector in the spring and autumn of each year. The level of mite infection in adult bees was estimated in three consecutive months. The numbers of ectoparasitic mites in colonies were assessed by examining 1000 bees, using the protocol described by Nazzi et al. (2012) . This experiment was performed three times per month in the months of July, August, and September of 2011.
RNA extraction and RT-PCR
Honeybee samples (~30 bees each) collected from a single colony were pooled and homogenized with a Geno/grinder homogenizer (Metuchen, NJ, USA) in a 15-mL sterile tube using TRI reagent (Sigma-Aldrich), according to the manufacturer instructions. Total RNA was dissolved in 20 µL sterile water and stored at -80°C until used. The quantity and purity of the RNA sample were measured using a NanoDrop spectrophotometer (Thermo Scientific, Pittsburgh, PA, USA).
To rule out interference from other pathogens, the presence of common honeybee pathogens in the colonies used in this study was monitored using the RT-PCR methods described in a previous study (Hou et al., 2014) .These pathogens included viruses such as acute bee paralysis virus (ABPV), black queen cell virus (BQCV), DWV, Varroa destructor virus-1 (VDV-1), chronic bee paralysis virus (CBPV), IAPV, and sacbrood virus (SBV); bacteria (American foulbrood and European foulbrood); fungi (Nosema ceranae and Nosema apis); and other parasites such as tracheal mites. First-strand cDNA was synthesized from total RNA (4 µg) using the Maxima Reverse Transcriptase Kit (Thermo Scientific, Pittsburgh, PA, USA), following the manufacturer protocol. PCR amplification was performed with forward and reverse primers of the target pathogens as previously described (Hou et al., 2014) . For diagnostic PCR amplification of honeybee pathogens such as bacteria, fungi (Nosema), V. destructor mites, and viruses, we used GoTaq (Promega, USA). Amplification was carried out using a GenePro thermal cycler (BioER) as follows:5 min at 94°C; 34 successive cycles of 30 s at 94°C, 30 s at 55°C, and 72°C for 1 min; and a final extension of 10 min at 72°C. Each PCR reaction included one negative control. The PCR products were examined by electrophoresison 1% agarose gels containing 0.5 mg/mL ethidium bromide. Positive identification was confirmed by sequencing the PCR products.
Quantitative real-time PCR
Fat bodies were collected from the abdomens of live honeybees with forceps and quickly frozen in liquid nitrogen for analysis of adipokinetic hormone (AKH) and adipokinetic hormone receptor (AKHR). Real-time PCR was carried out in a Rotor-Gene 6000 instrument (Corbett Rotor-Gene, USA), using a SYBR Green-based Kapa Fast qPCR kit (KapaBiosystems, USA), in combination with cDNA synthesized via RT-PCR according to the manufacturer instructions. The primer sequences used for amplification of the target transcripts were as follows: for AKH, 5'-CGTAAGCTTCGACCAAGTTTTT-3' and 5'-CATTCGACAACTCCGATCCT-3'; for AKHR, 5'-ATAATCACCACCACGGGATT-3' and 5'-GACCTTCGTTGAATCGCATA-3' (Wang et al., 2012) . The forward and reverse primers of the housekeeping gene (RPL8) were 5'-TGGATGTTCAACAGGGTTCATA-3' and 5'-CTGGTGGTGGACGTATTGATAA-3', respectively. The reaction conditions were 10 min at 95°C, followed by 40 cycles of 10 s at 95°C, 15 s at 60°C, and 20 s at 72°C. CT values measured using a standard curve prepared from 10-fold serial dilutions of target DNA were used to show the titers of the target genes (Hou et al., 2014) . Data were analyzed using the standard curve method. We confirmed that the qRT-PCR products were not contaminated by DNA or primer dimers by observing negative control samples and melting curves.
Data analysis
The average values per colony were used in all statistical analyses. The effect of mite infection on the temperature and humidity in each of the six colonies was analyzed using a t-test with Origin 8.0 software. Gene expression data were log transformed to approximate normality as described previously (Wang et al., 2012 ). An LSD test was used to compare the expression levels of AKH and AKHR between the honeybees with high and low mite infection. The variance components are expressed as standard deviations.
RESULTS
Screening of pathogens
The results of a survey for common pathogens are summarized in Table 1 . All pathogens in colonies in this study were preliminarily identified as common honeybee pathogens according to standard methods based on biology and behavioral observation (Hou et al., 2014) . Screening of common honeybee pathogens, including ABPV, BQCV, DWV, VDV, CBPV, IAPV, SBV, American foulbrood, European foulbrood, N. ceranae, and N. apis, was performed as described previously (Chen et al., 2008; Hou et al., 2014) to rule out contamination by other pathogens. As shown in Table 1 , all tested samples from the experimental colonies were negative for the monitored pathogens, with the exception of DWV in colonies1 and 2. This was more likely caused by mite infection due to the capacity for mitetransmitted DWV, as previously reported (Zioni et al., 2011) .
In order to verify the differences caused by the level of mite infection, we assessed the number of mites from different colonies. As shown in Figure 2 , the number in colonies with high infestation steadily increased to its highest level at the time of the final measurement, whereas infestation remained at a low level in the colonies with low infestation. Table 1 . Pathogen incidence detected in experimental colonies. The + and -signs represent positive and negative samples in the detection results, respectively. DWV, VDV, IAPV, ABPV, BQCV, CBPV, SBV, AFB, and EFB indicate deformed wing virus, Varroa destructor virus, Israeli acute paralysis virus, black queen cell virus, chronic bee paralysis virus, sacbrood virus, American foulbrood, and European foulbrood, respectively. N. apis and N. ceranae represent Nosema apis and Nosema ceranae, respectively. The groups with high and low mite infestation are represented as 1, 2, and 3 and 4, 5, and 6, respectively. 
Monitoring temperature and humidity
The wireless sensors nodes were placed in the middle of combs of experimental honeybee hives with both high and low V. destructor infestation ( Figure 1A ). The wireless sensor system was constructed to collect temperature data according to the ZigBee protocol (Xiao et al., 2014) (Figure 1B ). To further examine the effect of temperature change on humidity, we also simultaneously monitored the humidity within honeybee hives. Although the colonies were randomly allocated to the groups of high and low mite infestation, the initial monitoring of temperature and humidity was different. The temperature was significantly higher in the mite-infected group than in the group with low infection ( Figure 3A) . Although there was a small drop in temperature over time in the high-infected group, it was still higher than that in the low-infected group. The general temperature trend was relatively stable in both experimental groups, suggesting that the difference was induced by higher mite infection. In contrast, the humidity in the colonies with high mite infestation was lower than that in the colonies with low mite infestation, although the values tended to be very close after monitoring for 60 min ( Figure 3B ). This indicates that the differences in humidity between the colonies with high and low mite infestation were caused by temperature change.
The relationships between the data collected by monitoring and the mites were assessed through correlation analysis using original average data. This analysis suggested that the temperature in the honeybee colonies and mite infection were highly correlated (Pearson correlation coefficient = 0.9328), demonstrating that infection by V. destructor is positively correlated with temperature. The initial temperatures of the colonies with high and low mite infestation were 34.69° and 33.05°C, and the final temperatures were 34.73° and 32.99°C, respectively ( Figure 3A ), which represents a significant difference in temperature between colonies with low and high mite infestation (t = 81.18, d.f. = 3, P = 0.00004). In contrast, the humidity of colonies with high mite infestation was lower than that of colonies with low infestation. The results showed an obvious initial difference between the high and low infestation groups (73.87 and 77.73%, respectively), although the final humidity in colonies of the two groups was very close. The average humidity of the two groups was apparently different during the monitoring period (t = -3.27, d.f. = 3, P = 0.04); however, we found no obvious differences between temperature and humidity in the low-infested colonies. 
Detection of energy consumption
To further verify the difference induced by mite infection, we examined the expression of two energy-related genes, AKH and AKHR. Transcript levels were measured on the basis of copy numbers from the QPCR experiment. As shown in Figure 4 , the energy-related genes of honeybees were significantly affected by mite infection (P < 0.05). The expression levels of AKH were much higher in the low-infected group than in the high-infected group (Figure 4A ), suggesting that this is caused by the raised temperature due to mite infection. Likewise, the level of AKHR was considerably higher in the low-infected group than in high-infected group ( Figure 4B ). The significant differences we detected between the groups with high and low mite infestation further suggested that mite infection resulted in higher energy consumption by the honeybees. Figure 4 . Effect of mite infection on metabolism-associated honeybee genes. Shown are the relative expression levels of adipokinetic hormone (AKH) (A) and adipokinetic hormone receptor (AKHR) (B). C and M represent experimental honeybee colonies with low and high mite infection, respectively. The bars with different letters represent significant differences (P < 0.05).
DISCUSSION
V. destructor is the most destructive parasite of honeybee, often causing significant disability in individual honeybees and even the collapse of entire colonies (Meikle and Diaz, 2012) . Despite decades of study on the control of these mites, the situation is still on-going and, if anything, is growing worse because of two possible obstacles to formulating an effective control strategy: 1) most beekeepers will simply treat honeybee colonies as and when they find mites or notice abnormal appearances in honeybees based on previous experience; and 2) it is usually too late to control the mites when beekeepers find them in their honeybee colonies. In addition, the reproduction of female mites in capped brood cells interferes with the probability of detection and subsequent treatment (Harbo and Harris, 2005) . Accordingly, monitoring should become a necessary measure to detect the mites before they have a chance to spread rapidly and widely. The WSN monitoring system described in this study can be used to investigate the effects that could be caused by pathogens. The results showed that the WSN system can monitor the changes in temperature and humidity of honeybee colonies in real-time and indicate that temperature and humidity can, to a certain degree, be regarded as indicators of mite infection within honeybee colonies. Wireless communication and telemetric systems are feasible for online data collection tasks and animal monitoring in the field (Hwang et al., 2010) , and greatly extend our ability to remotely monitor and control the physical environment. In addition, WSN is a wireless communication network that can self-organize and interact directly with the physical world. It can produce information that alerts to potential risks such as frost damage or toxic gases (Hwang et al., 2010) .
However, WSN has rarely been applied to honeybee studies. As the number of honeybee colonies around the world decreases, some attempts have been made to identify the causes in a more accurate way (Abramson et al., 1997) . Our data show that we can determine whether the colonies are infected by mites by observing the temperature and humidity inside honeybee hives. These results clearly indicate that temperature and humidity can be considered as indicators that reflect mite infection. In agreement with previous findings (Ma et al., 2014) , our survey confirms that V. destructor infection can induce changes in the temperature and humidity of a honeybee colony and indicates that mite infection can be monitored using the WSN system without the need to inspect the bottom board or use an artificial checking comb. These findings are similar to those reported by Zhao et al., who studied the relationship between temperature and the number of broods infected by chalkbrood, and suggested that the number of infected broods increased with rising temperature in the honeybee colony (Zhao et al., 2007) . It is not surprising that we observed colony temperatures being maintained at 33°C under normal conditions; however, because in practice different methods are used to measure temperature (Chen, 1989) , this can give rise to discrepant measurements. Although the optimal honeybee hive temperature is approximately 33°C, honeybees can survive at 34° or 35°C (Gao, 2002) . Significantly, however, the experimental data showed that 34° or 35°C is more beneficial to the reproduction of mites, although they will be adversely affected if the temperature is below 33°C (Gao, 2002) . This explains why mite infection could induce a temperature rise in the honeybee colony. Alternatively, this might also indicate that honeybees mount a type of defensive response that functions to decrease the temperature, producing environmental conditions unfavorable to mite reproduction. This is in line with observations that regions with relatively lower average temperatures have lower colony losses (vanEngelsdorp et al., 2008) , and is confirmed in a study by Gao, who demonstrated that the average number of mites surviving at 35°C is 2.4 but only 0.9 at 33°C by artificial measurement system (Gao, 2002) . Interestingly, heating to remove mites has been used for more than 20 years in most regions of Europe (Harbo et al., 2000) . In this context, honeybees are known to exhibit a variety of behavioral traits associated with social interactions. One of these, the hygienic behavior, involves the fanning of wings as a behavior to impair the survival and reproductive success of V. destructor (Rosenkranz et al., 2010) . Nevertheless, wing fanning will consume honeybee energy and increase the temperature.
The important result of the present work is the finding that V. destructor affected the energy metabolism of honeybees. In honeybees from colonies with high mite infestation, the levels of AKH and AKHR, which play important roles in energy metabolism (Wang et al., 2012) , are lower than in the bees from colonies with high infestation. Although our results are consistent with the previous findings that pathogens affect energy metabolism (Wang et al., 2012) , the measured amount differs, which is probably attributable to the use of different housekeeping genes in the different analyses. From a physiological perspective, these results may explain why a honeybee colony is readily subject to parasites and loss in winter in the USA or Europe. First, the mites accelerate death by inducing higher energy consumption in honeybees. Second, the energy supply available to honey bees is sometimes not sufficient to sustain survival, particularly in winter due to the lack of nectar. Changes in energy metabolism will occur if there are changes in the sum of other environmental heat exchanges (Moffatt, 2001) . The resulting increase in passive heat loss must be made up in some way for bees to maintain a constant temperature. Thus, there must be an increase in energy metabolism if no decrease occurs in other factors causing the loss.
This observation indirectly supports the fact that there is a significant correlation between the densities of mite infection and environmental factors (temperature and humidity), which were induced to fluctuate because of accelerated honeybee behavior (Bonoan et al., 2014) . The honeybees have to generate more energy to shiver in order to eliminate parasitic mites, which induces more bees to fan within or outside the bee hive, thereby leading to an increase in temperature and a decrease in humidity in the honeybee hive.
Of special interest are the relationships between mites and temperature and other factors because temperature is an important factor in the development of honeybee eggs, larvae, and pupae. These relationships not only reflect indirectly on the health and energy consumption of honeybee colonies but also provide evidence for the level of pathogen infection (Bujok et al., 2002) . In particular, the development of mite populations within the honeybee colony will increase the opportunities for pathogen transmission and lead to breakouts of overt infections of viruses or other diseases, resulting in the loss of individual bees or even the collapse of entire colonies. V. destructor is relatively common in honeybee colonies, and by monitoring this mite it is possible to determine the threshold levels of mites that might indicate the necessity for treatment or an evaluation of treatment efficacy, as well as confirming the presence of infection in the honeybee colony in time. Monitoring will help us to understand how honeybees cope with these problems and, more importantly, how the colonies respond physiologically to these diseases. This will also provide evidence for further establishing the relationships among environmental factors, energy consumption, and behavior.
Although this monitoring lays the foundations, further investigations are needed, including studies of mite infection levels when temperature and humidity are changed, and how mite infection affects the energy metabolism of honeybees. Our studies provide approaches for monitoring the temperature in honeybee colonies with high mite infestation. Although these findings do not precisely reflect the level of honeybee infection by mites, they do provide new information for the detection of the mite infection in real-time and pave the way for extensive studies on the prevention and control of mite infestation.
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